A reactive triazine derivative, 2,4-dichloro-6-hydroxy-1,3,5-triazine (DCHT), was prepared through the controlled hydrolysis of cyanuric chloride in water solution. The reaction was characterized with 13 C NMR study. The reaction solutions could be directly used to treat cellulose fibers. A pad-dry-cure method was employed to immobilize the triazine derivative onto cotton. The covalently bound triazine moieties on cotton could be transformed into N-halamine structures after a chlorine bleaching treatment. The biocidal efficacies of the treated samples with different chlorine loadings were further examined. The storage and release testing showed that the antimicrobial function of the N-halamine modified cotton fabrics was durable and renewable. These advantages make the triazine N-halamine modified cotton as an attractive candidate in a broad range of application fields.
INTRODUCTION
Bacterial infection from medical care related materials is responsible for the increasing number of morbidities and large medical costs [1] [2] [3] [4] . Many different methods have been developed to reduce the incidences of infection. One of the most effective methods is to produce antimicrobial fabrics by incorporating biocidal agents into the fibers of the fabrics. Quaternary ammonium salts [3] [4] [5] [6] [7] , nano silver [8] , N-halamines [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , and others have been used in the development of antimicrobial textiles. Among these biocidal agents, N-halamines have been demonstrated to be powerful, durable and reachargeable antimicrobial agents with low toxicity to humans. These advantages render N-halamines as considerable potential materials for medical, hospital, hygienic, and other related applications.
During the past two decades, N-halamines have been successfully applied to a variety of surfaces such as cellulose, polystyrene, polyethylene, and polyurethane for antimicrobial purposes. Cellulose containing abundant hydroxyl groups is easy to obtain an antimicrobial property through chemical modification [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . A series of siloxane N-halamine precursors were successfully prepared and tethered onto cellulose, and organic solvent is used in the treating solution due to the poor solubility of the siloxanes in water [19] [20] [21] [22] . But, the siloxane N-halamines are not very stable for storage [21] . Some water-soluble N-halamine epoxides were synthesized to prepare antimicrobial cotton fabrics [23] . The relative low reactivity and not high enough chlorine loading of epoxides limit their applications. A reactive melamine derivative, 2-amino-4-chloro-6-hydroxy-s-triazine (ACHT) was developed and coated onto cotton, which rendered fabrics with a powerful antibacterial function [26] [27] [28] . Most recently, a high reactive triazine derivative, 2,4-dichloro-6-hydroxy-1,3,5-triazine (DCHT) has been prepared through controlled hydrolysis of cyanuric chloride and used to treat cotton fabrics directly, and the triazine treated fabrics were rendered antimicrobial through exposure to diluted bleach [30] . The triazine derivative was highly reactive and easy to be attached onto cellulosic materials through nucleophilic substitution reactions. The enol structures in the triazine ring could transform to amide structure by tautomerism http://www.jeffjournal.org Volume 11, Issue 1 -2016 (SCHEME 1). After a bleach treatment, the covalently bound amide groups in triazine moieties were transformed into N-halamine derivatives, which demonstrated antimicrobial functions against Gram-negative and Gram-positive bacteria. SCHEME 1. The tautomerism and production of antimicrobial cellulose. SCHEME 2. The attachment of DCHT to cellulose.
To provide detailed information about the preparation, antimicrobial performance and stability properties of N-halamine treated cotton fabrics, 2,4-dichloro-6-hydroxy-1,3,5-triazine (DCHT) was synthesized and coated onto cotton cellulose using a traditional pad-dry-cure process. After chlorination, the cotton fabrics with different chlorine loadings were challenged with Gram-negative and Gram-positive bacteria to assess the effect of chlorine loading on the antimicrobial efficacy. Moreover, the stability and controlled release behavior of the active chlorine were evaluated. 
EXPERIMENTAL METHODS Materials

Preparation of DCHT Grafted Fabrics
The preparation of cotton fabrics modified with DCHT followed the method described in a previous report [30] . A calculated amount of cyanuric chloride and NaOH with a mole ratio of 1:2 were added in distilled water and stirred for 5 min to obtain an aqueous solution. Additional NaOH (2% by weight) was added and dissolved in the solution. Then, cotton fabrics were dipped into the solution, padded through a laboratory wringer (100% wet pick-up), and cured in an oven at 110 °C for 10 min. Afterward, the fabrics were washed thoroughly with a large amount of distilled water, and dried at 60 °C for 1 h.
Chlorination
Chlorination was carried out through the immersion of DCHT grafted cotton fabrics in 10% bleach solution, pH 7, at room temperature for 60 min. After chlorination, the samples were washed thoroughly with distilled water, and dried at 45 °C for 1 h to remove any unbonded chlorine from the cotton fabrics. The active chlorine content of the fabric was determined by an iodometric/thiosulfate titration method as reported previously [23] [24] [25] .
Antimicrobial Test
Unchlorinated cotton and cotton samples with different chlorine loadings were challenged with S. aureus (ATCC 6538) and E. coli (ATCC 43895) using a modified AATCC Test Method 100-1999. A total of 25 μL bacterial suspensions in pH 7 phosphate buffer were added to one swatch, and another swatch was put over it. A sterile weight was placed on the top of the sample to ensure the contact http://www.jeffjournal.org Volume 11, Issue 1 -2016 between the bacterial suspension and the cotton swatches. After contact times from 1 min to 60 min, the samples were quenched with 5.0 mL of 0.02 N sodium thiosulfate solution to remove active chlorine residuals. Serial dilutions of the quenched samples were made using pH 7 phosphate buffer, and plated on Trypticase soy agar plates. The plates were incubated at 37°C for 24 h, and the bacterial colonies were recorded for antimicrobial efficacy analysis.
Chlorine Release Behavior Study
A quantitative evaluation of the chlorine release behavior from the fabrics was processed according to a method reported previously [27] . In each test, cotton fabric (1 g) was soaked in 100 ml of distilled water in a closed container. After a specified time, 10 ml of the water were taken out and put into a 50 ml Erlenmeyer flask containing 1 g of potassium iodide. After stirring under nitrogen atmosphere for 30 min, the solution was titrated with 0.1 mM Na 2 S 2 O 3 aqueous solution, and the chlorine content released was calculated according to a method described previously [23] [24] [25] .
RESULTS AND DISCUSSION Characterization of DCHT and cotton modified with DCHT
Compared to common alkyl halides, C-Cl bonds in cyanuric chloride are quite active because of the triazine ring's strong electron withdrawing effect [26] [27] [28] . The chlorine atom of cyanuric chloride can be replaced by a hydroxyl group in an alkali aqueous solution to form water soluble 2,4-dichloro-6-hydroxy-1,3,5-triazine sodium salt. This reaction was demonstrated by 13 C NMR analysis. 0.0005 mol of cyanuric chloride and 0.001 mol of NaOD were added to 1 ml D 2 O, and stirred for 10 min to get a clear solution. The solution was immediately added to a NMR tube and analyzed by 13 C NMR. Cyanuric chloride dissolved in deuterated acetone was also analyzed by 13 C NMR for comparison. From Figure 1 , a single peak at 172 ppm was found the 13 C NMR spectrum of cyanuric chloride due to the carbons of N=C-Cl bonds. As for the 13 C NMR spectrum of 2,4 dichloro-6-hydroxy-1,3,5-triazine sodium salt, there are two signals at 168 ppm and 169 ppm attributed to two kinds of carbon in the triazine ring. 13 C NMR spectra of cyanuric chloride and 2,4-dichloro-6-hydroxy-1,3,5-triazine sodium salt.
The preparation of the treatment solution is carried out at and ambient temperature and pressure using water as the solvent, making it relatively easy to scale up for practical applications.
The 2,4-dichloro-6-hydroxyl-1,3,5-triazine sodium salt can be grafted onto cotton cellulose through nucleophilic substitution with a regular pad-dry-cure finishing process, as shown previously in Scheme 2. The reaction was characterized by FTIR study as shown in Figure 2 . The FTIR spectrum of triazine-treated cotton shows two sharp peaks at 1713 and 1610 cm -1 , which are caused by the planar triazine ring stretching vibrations [26] . As expected, another peak at 767 cm -1 is detected as a characteristic band of the C-Cl bond of the triazine ring [26, 28] . The XRD spectra of the samples are shown in Figure 3 . There is no remarkable change in the XRD peaks of cotton, unchlorinated triazine-treated cotton and chlorinated triazine-treated cotton cotton. -]lattice planes of cellulose I. The crystallinity of the cotton was 72.3%, while that of the triazine-treated cotton before and after chlorination was 73.6% and 67.5%, respectively. The slight decrease of crystallinity of the treated cotton after chlorinated might be due to the oxidation of cellulose by sodium hypochlorite, which is consistent with the small tensile strength loss after chlorination [12, 24] . 
Chlorination of the Triazine-treated Samples
After chlorination, the N-H bonds of the triazine structure in the modified cotton fabrics could be transformed into N-Cl bonds. The presence of active chlorines on the fabrics could be evidenced visually by a potassium iodine/starch indicator paper test as shown in Figure 4 . In this test, a potassium iodine/starch test paper was placed on the surface of moist cotton fabrics before and after chlorination. The N-Cl bonds would react with potassium iodine to form iodine, which would generate a blue color with starch after 30 s. The unchlorinated fabric did not show any color change. This test is very sensitive, and the color changes were detectable for the samples with 0.35% and 0.05% chlorine loading. Therefore the test could be used to monitor the active chlorine in real applications. The chlorinated fabrics can be re-chlorinated in order to maintain antimicrobial activity when the KI/starch test shows that there is no color change, and all of the active chlorines are lost. The active chlorine loadings of the samples were also quantitatively measured by the iodometric/thiosulfate titration analysis. The relationship of cyanuric chloride concentration and active chlorine content is shown in Figure 5 . Increasing cyanuric chloride concentration in the coating solution (from 1% to 8%) leads to the increase of active chlorine of the coated cotton fabrics (from 0.05% to 0.55%), which indicates that more N-halamine precursors are covalently bound onto the cotton. Previous studies have proved that N-halamine modified cotton with a chlorine loading over 0.05% is sufficient for rapid disinfection and feasible for practical applications [16, 17, 28] . The relationship between the chlorine loading and antimicrobial efficiency will be discussed in the antimicrobial efficacy study section.
Compared with untreated cotton, the warp and weft strength of the triazine-treated cotton showed a small degree of loss. The treatment resulted in the possible oxidation and scission of cellulosic chains [31] . After chlorination, the tensile strength of the treated cotton decreased by 20% compared with the untreated cotton. The reduction was mainly due to the oxidation of cellulose by sodium hypochlorite [24] . The treatment did not change the handling of cotton significantly. http://www.jeffjournal.org Volume 11, Issue 1 -2016 FIGURE 5 Influence of the cyanuric chloride concentration on active chlorine content of the treated cotton fabrics.
Antimicrobial Efficacy Study
The antibacterial functions of the amide halamines modified fabrics were challenged with10 8 cfu per 2 in 2 /sample of E. coli and S. aureus. The antimicrobial efficacies against E. coli and S. aureus are summarized in Figure 6 . The results of the treated fabrics showed three log reduction (99.9%) of both E. coli and S. aureus within 1 min contact. After 30 min of contact time, the treated fabrics could provide a complete kill of E. coli and S. aureus with eight log reductions. The prolonged contact time resulted in a complete inactivation of the bacteria by transferring more active chlorines to bacterial cells. The chlorine loading of fabrics decreases during storage and usage. It is important to study the effect of the chlorine loading of fabrics on the antimicrobial efficacy. The effect of the chlorine loading of fabrics on the antimicrobial efficiency is summarized in Figure 7 . With 0.05% active chlorine, the treated fabrics provided 6 log (99.9999%) reduction of E. coli and 5 log (99.999%) reduction of S. aureus within 30 min contact time, respectively. With the contact time extended to 60 min, E. coli was totally inactivated (8 log reduction) and 99.999% of S. aureus were killed (5 log reduction). When the chlorine content increased to 0.11%, the contact times for complete kill of E. coli and S. aureus were 60 min and 30 min, respectively. The fabrics with a chlorine loading of 0.35% inactivated all of E. coli and S. aureus within 30 min. The faster inactivation rate could be ascribed to more N-Cl sites on the fabrics which are able to release more chlorine atoms in shorter time to kill bacteria [28] .
According to the authors' previous study, fabrics with initial chlorine loading of 0.35% can retain 0.05% active chlorine after 10 standard washing cycles [30] . Regarding the antimicrobial efficacy results, the DCHT modified fabrics need to be re-chlorinated after 10 washing cycles to maintain their excellent antimicrobial properties. Given that those bacterial concentrations used in this study were much higher than those in previous studies [20, 29] , the above test results demonstrate excellent antimicrobial functionality of the triazine N-halamine modified fabrics. loading of about 0.11% after seven months storage, which still should have a very good antimicrobial efficacy according to the results of the antimicrobial efficacy study. The fabrics with chlorine loading of 0.11% could inactivate 8 log bacteria within 1 h. All of the lost chlorine could be restored after re-chlorination, demonstrating that the antimicrobial activity of the N-halamine modified fabrics is renewable. The chlorine losses were primarily due to the dissociation of the N-Cl bonds rather than the breaking of the bonds between N-halamine precursors and cotton. The storage stability of triazine N-halamines was better than that of the hydantoin and piperidine N-halamines studied previously [21] .
To further test the renewability, the chlorinated triazine modified fabrics were treated with 1% of sodium thiosulfate solution for 10 min to quench the active chlorine completely, and then rechlorinated in a diluted bleach solution at pH 7 for 1 h. After 30 cycles of the quenching/re-chlorinating treatment, the original active chlorine loading was completely restored, indicating that the antimicrobial properties were fully renewable. 
Chlorine Release Behavior Study
Previous studies have demonstrated that N-halamine materials could release active chlorine into the environment by the dissociation of N-Cl bonds [27] . The release behavior has an important effect on the antimicrobial efficacies of N-halamine materials and the environment. To test the active chlorine released from the treated cotton fabrics, a quantitative evaluation was conducted according to the method described in the experimental section.
The relationship between the active chlorine content in the solution and the times is presented in Figure  9 . The active chlorine released to the solution increased dramatically in the first 12 h. After 24 h of the 72 h experiment, the quantity of released chorine reached the maximum of 2 percent. This level of released chlorine is much lower than the current EPA Maximum Residual Disinfectant Level (MRDL) in drinking water of 4 ppm, which indicates that the N-halamine modified cotton fabrics are safe for the environment. The results also show that the active chlorines in DCHTs which are chemically bonded onto cotton fibers are quite stable. CONCLUSION 2,4-Dichloro-6-hydroxy-1,3,5-triazine (DCHT), a triazine derivative, was successfully synthesized through the controlled hydrolysis of cyanuric chloride in water solution and confirmed by a 13 C NMR study. A simple pad-cure method was used to graft DCHT triazine rings onto cotton cellulose without using organic solvent. After chlorination, the amide groups on triazine rings can be transformed into N-halamines and provide powerful, durable, and renewable antimicrobial activity against both E. coli and S. aureus. Due to relatively easy production, long-term, excellent antimicrobial efficacy, and the controlled release of active chlorine, the DCHT modified cellulose materials may have great potential for practical applications.
